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Assessing the impact of lead exposure is difficult if individuals select on the basis of their characteristics
into environments with different exposure levels. We address this issue with data from when the dangers
of lead exposure were still largely unknown, using new evidence on intelligence test scores for male
World War Two U.S. Army enlistees linked to the households where they resided in 1930. Higher
exposure to water-borne lead (proxied by urban residence and low water pH levels) was associated
with lower test scores: going from pH 6 to pH 5.5,  scores fell 5 points (1/4 standard deviation). A
longer time exposed led to a more severe effect. The ubiquity of lead in urban water systems at this
time and uncertainty regarding  its impact mean these effects are unlikely to have resulted from selection
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Before the 1970s, lead touched almost every aspect of daily life in the United States. It
could be found in toothpaste tubes, household plumbing fixtures, tin cans, public drinking
fountains in schools and parks, gasoline, paint, children’s toys, car batteries, and cosmetics
(Warren, 2000). At the start of the twentieth century, lead exposure from drinking water alone
was 20 to 100  times greater than current EPA standards in at least one state (Massachusetts).
Although epidemiologists and medical researchers have been studying the effects of lead from
these and other sources for more than a century (Adams, 1852; Boston Water Commissioners,
1848; Oliver, 1914), only recently have economists begun to contribute to this literature (Kerr
and Newell, 2003; Hilton et al., 1998). 
A central concern in this small but growing economics literature on the effects of lead
exposure (which has also been addressed in the epidemiological literature) is the question of
selection (Reyes, 2007): do people who sort into environments with high levels of lead differ
systematically from those who do not?  To the extent that these groups differ, any estimating
procedure that does not adequately control for selection might exaggerate the inimical effects
of lead. Concerns about non-random assignment are by no means limited to the economics
literature, however. Some of the most important studies on lead in the medical and public
health literature have had to contend with the effects of selection and unobserved
heterogeneity in the treated population.
Sensitive to the econometric concerns raised by previous studies, we study the effects of
water-related lead exposure in a setting where selection effects are unlikely. During the early-2-
twentieth century, lead-based plumbing was universal, and in many cities, lead was even
mandated by local ordinances and building codes. Lead pipes were used to transport water
from street mains; lead solder was used to connect copper piping inside the home; brass
faucets contained large amounts of lead; and water heaters typically used lead piping. Because
lead was so pervasive, an individual’s exposure to it was determined largely by the chemistry
of local water supplies: “plumbosolvency” (the ability of water to carry lead) in turn was a
function of the pH of the local water supply. Children who grew up drinking even mildly
corrosive water would have accumulated much more lead over time than children who grew
up drinking water that possessed more neutral and less corrosive properties, even if they were
drinking water from systems that contained exactly the same amount of lead piping. 
This leads us to hypothesize that, holding everything else constant, the intelligence of
individuals would have been negatively correlated with the corrosiveness of the water supplies
in the areas where they grew up. We have obtained the scores for World War II U.S. Army
enlistees on the Army General Classification Test (AGCT), a test of general mental acuity
administered at enlistment centers and used to assign enlistees to tasks in the military. Though
this is not, strictly speaking, an IQ test, it is highly correlated with scores on standard IQ tests.
We have linked more than five thousand of these individuals to the households where they
resided when they were children, and identified the pH level of the water supply at that
location. As we rely on measures of the pH of the local water supply where an enlistee grew
up, we limit our analysis to those located in places of more than 30,000 inhabitants in 1930. -3-
Three features of our analysis distinguish it from previous work on lead and
intelligence. First, there is a non-monotonic relationship between a given water supply’s pH
level and its capacity to take up lead from pipes and plumbing fixtures. We exploit this non-
monotonicity, to argue that the corresponding non-monotonic relationship between
intelligence and water pH we estimate is causal, as there is no reason to expect such a
relationship between water pH and intelligence in the absence of a relationship between water
pH and plumbosolvency. At the same time, the poor understanding of the interaction between
lead plumbing and water chemistry among the general public reduces the likelihood that the
results are the product of selection or unobserved heterogeneity – it is unlikely that individuals
would select into or out of lead-exposed environments on the basis of the perceived danger or
their unobserved characteristics if they are unsure that there is in fact a danger worth
considering. 
Second, the data set compiled here is part of broader research project linking a cohort of
individuals across time using multiple data sources, including the U.S. Census, Social Security
records, military records, and state birth and death records. Exploiting this data set allows us to
identify the long-term impact of low-grade lead exposure in childhood and adolescence on the
outcomes of adults. With a few notable exceptions (e.g., Needleman et al., 1990), previous
studies on the effects of lead exposure among adults have focused mostly on linking
concurrent blood lead levels to fertility outcomes (Borja-Aburto et al., 1999; Coffigny, 1994),
occupational exposure (Stewart and Schwartz, 2007), and/or are based on animal studies
(Gangoso et al., 2009; Levin and Bowman, 1988; McGivern et al., 1991).  Recently, a specific polymorphism (DRD2 Taq IA) was identified as a genetic factor
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mediating the impact of lead exposure on intelligence (Roy et al., 2011). Individuals with the
homozygous variant (A1) experienced an IQ drop of nine points for a one-log unit increase in
blood lead levels, while individuals with the wild-type allele (A2) experienced only a four
point drop for the same size increase in blood lead levels. This polymorphism “disrupts the
protective effect of hemoglobin on cognition and may increase the susceptibility to the deficits
in IQ due to lead exposure.” (Roy et al., 2011, p. 144)
-4-
Third, recent research suggests that even very small doses of lead administered over a
long time might pose serious public health risks (Needleman, 2009). The results here
corroborate that finding, but do so with a population that is followed up to as late as age 23 and
that we can eventually follow up as late as death. Like Needleman (2009), our results suggest
that even if a child is not classified as lead poisoned by contemporary standards, he or she
might still exhibit compromised intellect later in life.
1. The Science of Water and Lead
1.A. Lead as a Neurotoxin in Chidren
Although lead’s effects are multisystemic, it is best known for its neurotoxicity.
Exposure affects individuals throughout the lifespan: individuals who are exposed to lead can
experience immediate symptomatology and also store lead in bones that can affect their blood
levels years later. Young children are more susceptible to lead than adults because of their
smaller weight and developing systems.  Risk will vary, however, depending upon the
individual, the circumstances, and the amount of lead consumed.  
1
Lead’s impact on the central nervous system stems from its ability to mimic calcium,
which is essential for effective neurotransmission (Simmons, 1993).The effects of lead on
children at low blood concentrations had been thought to be insignificant: at blood-lead levels Lanphear et al. (2005, p. 894) conclude, “For a given increase in blood lead, the
2
lead-associated intellectual decrement for children with a maximal blood lead level < 7.5 ìg/dL
was significantly greater than that observed for those with a maximal blood lead level 7.5
ìg/dL (p = 0.015).”
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below 10 ìg/dl, variation in blood-lead levels were seen as having no effect on their
intelligence. But recent research by Canfield et al. (2003) and Lanphear et al. (2000) indicates
that the marginal or incremental effects of increased lead exposure are greatest at the lowest
levels of exposure, holding constant the child’s age, levels long believed to have been safe. This
new evidence suggests that IQ declines at a decreasing rate as lead exposure rises. There is, in
particular, a rapid degradation in IQ at blood-lead levels below 10 ìg/dl and a less rapid,
though continuing, decline after this threshold has been reached.
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1.B. Pathways From Exposure to Water-Born Lead to Diminished Intellectual Capacity
In the context of exposure to water-borne lead, we must consider the mechanisms by
which lead will enter an individual’s system at different stages in the life course: in utero (when
the mother’s exposure is a concern), in early life (when the child’s feeding regime may shape
exposure), and at later ages (when the direct ingestion of water as beverages and as a
component of food preparation determine exposure levels).
Pregnancy and lactation are times of rapid bone turnover for mothers. During
pregnancy lead in a mother's bones can be released and passively cross the placenta. 
Neurodevelopment can be affected as early as the first trimester and throughout pregnancy
(Manton et al., 2003). Some evidence suggests that first pregnancies and lactations are at
greater risk for lead exposure than subsequent pregnancies and closely spaced multiple-6-
pregnancies at the highest lead levels (Manton et. al, 2003). During lactation, lead can also be
released from the nursing mother's bones. This release has been found to be greater than
during pregnancy (Gulson et al., 1998) Formula prepared with lead contaminated water will
elevate the blood lead levels (BLL) of infants.  For example, infants who consume formula
prepared with lead-contaminated water may be at higher risk because of the large volume of
water they consume relative to their body size and the higher percentage of lead they absorb
(Baum and Shannon, 1997; CDC, 2010). 
Woodbury (1925) examined the infant mortality and feeding practices in eight
American cities for 22,967 live births and 813 still births in selected years between 1911 and
1916 for the Children's Bureau.  Feeding practices were grouped into (1) exclusively breast-fed
infants, (2) exclusively artificially fed infants, and (3) partially breast-fed infants. The formula
fed to groups (2) and (3) would have been made with water.  These rates varied by father's
income, with higher income households using more artificial formula, and by nationality
(Italian, Polish, and Jewish mothers used exclusively breast feeding longer than native mothers
and all of these used it longer than Portuguese and French-Canadian mothers; Woodbury,
1925, Table 71, p. 216) . By the end of the ninth month after birth, only 13 percent of infants
were exclusively breastfed (Woodbury, 1925, Table 67, p. 88), so even before the end of the first
year of life, infants were at risk for exposure to water-borne lead. Other sources of lead
exposure in children as they age include neonatal bone turnover (Gulson et al., 2001), because
of bone growth and shaping and reshaping of bones, and hand to mouth activity (Manton et
al., 2000).-7-
After they are weaned, children’s subsequent diet will influence their exposure to
water-borne lead. Lead may affect malnourished children more severely. Adequate dietary
intake of certain key nutrients (calcium; iron; and vitamins C) can be beneficial for children
(CDC, 2005); however prospective studies are limited in this area.  Some studies have shown
that iron replete children had lower blood lead levels than iron deficient children (Wright et al.,
2003). Food cooked in lead contaminated water can absorb lead. Peas, carrots, and macaroni
absorb lead; the affect on carrots is lessened by the addition of sodium chloride to the water. 
Tea leaves and coffee grounds absorb lead from drinking water to make the beverage safer
from lead (Moore, et al., 1979). 
1.C. Bad Chemistry: How Water Quality and Lead Plumbing Interact
There exists a large literature estimating and documenting the connection between a
given water supply’s chemical characteristics and its ability to leach lead from service pipes
and indoor plumbing. Figure 1 summarizes the relevant aspects of this literature. It is helpful
to remember that a pH below 7 implies acidic, while a pH above 7 implies alkaline. As Figure 1
shows, for water supplies with a pH level below about 6.5, increases in pH levels (less acidity)
are associated with reduced leaching and lower lead levels. For water supplies with pH levels
between 6.5 and 8.5, variation in pH has a negligible effect on water lead levels. For water
supplies with pH levels exceeding 8.5, increases in pH (more alkalinity) are associated with
greater leaching and higher lead levels. We emphasize that the exact location of the inflection
points in Figure 1 is not entirely clear, but what matters is the U-shaped pattern:  for very acidic
water supplies, decreased acidity reduces lead uptake, while for highly alkaline water supplies, On the chemistry of the solubility of lead in water, see Pierrard et al. (2002); Schock
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(1990); Halem et al. (2001); Davidson et al. (2004); van Der Leer et al. (2002); and Cardew (2003).
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decreased acidity (increased alkalinity) increases lead uptake. Exactly where on the pH scale
these relationships change is open to debate.
3
Changes in pH levels have a large impact on water lead levels.  For example, moving
from a pH of 6 to 7 reduces lead levels by 50 to 90 percent, depending on other chemical factors
in the water supply (Schock, 1990). The impact of such differences was substantial given the
lead present in urban water systems. Troesken (2006, pp. 53-55) concludes that historical water
lead levels were far in excess of those mandated by the EPA today (no more than 15 parts per
billion).  In Massachusetts in 1900, the typical city had water lead levels that were 20 to 100
times greater than the current EPA standard.  There were a few cities and towns with
particularly corrosive water supplies where lead levels exceeded the current EPA standard by
300 to 700.
Though the exact points at which the lead take-up relationship changes in Figure 1 are
unknown, we hypothesize that the U-shaped relationship between water pH and lead levels
would manifest itself in an inverted U-shaped relationship between water pH and intelligence
like that shown in Figure 2. For World War II Army enlistees from areas with highly acidic
water supplies, increased pH (alkalinity) would be reflected in increased scores on the Army
General Classification Test as enlistees’ blood lead levels would have fallen as water supplies
became more alkaline and less acidic. For enlistees from areas with more neutral water
supplies, places with pH levels between 6.5 and 8.5, variation in pH would not affect AGCT Previous work by Troesken (2006) and Clay et al. (2010) has used data on the actual
4
material used in the piping of city water systems, in addition to relying as we do on
relationship between pH and plumbosolvency. The source they employed to determine the
extent of lead piping (Baker, 1897) was sufficiently out of date by the 1920s and 1930 that this
option was no available to us.
 In any case, in order to invalidate our identification strategy, such a direct
5
pH-intelligence relationship would have to be non-monotonic like that shown between pH and
lead take-up in Figure 1 in order to mimic the hypothesized relationship we propose in which
lead exposure is merely mediated by pH levels.
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scores. For enlistees from areas with alkaline water supplies, places with pH levels greater than
8.5, increased pH would result in lower AGCT scores.
In constructing and testing this hypothesis, we make five assumptions. First, lead pipes
and plumbing fixtures were widespread and pervasive. Previous research suggests this is a
reasonable and historically accurate assumption (Baker, 1897; Committee on Service Pipes,
1917; Troesken, 2006, pp. 10-15).   Second, families did not make their locational decisions
4
based on the pH of local water supplies and they did not understand the chemical processes
that give rise to high water lead levels. The following section addresses this assumption in
detail. Third, the pH of the water consumed by individuals early in their lives does not have a
direct effect on their cognitive abilities. We are aware of no research that demonstrates such a
link.  The fourth assumption we make is that, in our analysis, pH levels control for the take-up
5
of lead; other heavy metals (mercury, iron, zinc) are not also implicated in this process.
Whether mercury exposure leads to cognitive impairment except at very high doses remains a
subject of controversy; in any case, the primary source of exposure to mercury (in the form of
methylmercury) is the consumption of contaminated fish (Counter and Buchanan, 2004). The The pattern of fish consumption across regions varied widely in the 1930s. Using data
6
from the U.S. Department of Labor’s 1935-36 Consumer Expenditure Survey (U.S. Department
of Labor, 1935-36), we estimate that the share of the total family food budget accounted for by
fresh or canned fish ranges from 4.1 percent in New England, to 3.7 percent in other coastal
states, to 1.4 percent in interior states. If fresh fish are grouped by mercury content into risk
categories (highest being for mackerel, shark, swordfish, and tilefish), the only region in which
high-risk fish accounted for more than a third of family fish consumption was New England
(35.3 percent); high-risk fish consumption was less than a third of this in other regions.
 These data come from Baker (1897) and were generously provided by Karen Clay. The
7
data on the pH of each city's water intake list one entry per city. If there were several cities
served by the same water system, they would each have the same reported pH level. 
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analysis we conduct includes state fixed effects which will account for access to fish highly
contaminated by mercury.  Both iron and zinc have positive health effects in modest doses, and
6
it is unlikely that any of the water supplies we include in the analysis have doses of these
metals in the toxic range. For all three of these metals, there is no evidence of a non-monotonic
take-up as a function of water pH.
Finally, we are assuming that the pH readings for urban water systems (made in the
late twentieth century) accurately reflect pH levels in the second and third decades of the
twentieth century. The pH is measured at the point where water enters the city’s system, so it
is pH before any treatment has occurred.  There are two concerns in using these recent (late
7
twentieth century) data as proxies for the prevailing pH levels in the 1930s: (1) changes in
water treatment practices –  such as the introduction of lime to control water hardness or as
part of the purification process –  may have occurred that resulted in changes in pH; and (2)
“acid rain,” which increased from the 1930s through 1950s (Schindler, 1988, pp. 149-150),
would reduce pH in affected watersheds, so current pH levels would understate historic levels. For further discussion of the justification of the use of modern pH levels as a proxy for
8
historical pH levels, see Clay et al. (2010, pp. 13-15). Paleolimnological evidence (Davis et al.,
1994) reveals that the acidity of surface water changes very slowly: over 300 years, the acidity
of New England lakes changed by only 0.03 pH units. As late as 1962, only 26 of the largest
water systems in the U.S. were using lime to soften their water (Durfour and Becker, 1964, p.
47).
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The discrepancy between modern and historical (circa 1930) pH levels will generate
attenuation bias in the estimated coefficients. If lime addition raised pH across the whole range
of pH in the sample, this would result in a rightward shift in the pH-AGCT relationship in
Figure 2: inferences drawn from a regression coefficient MAGCT/MpH would still be valid along
the linear, upward-sloping section of the figure, along the flat section, or along the linear
downward-sloping section. If instead pH rose after the 1930s in places where pH was lowest to
begin with (as cities actively attempted to raise their pH and reduce pipe corrosion), the result
would be a downward bend in the pH-AGCT relationship in Figure 2 along the upward-
sloping linear section. Inference based on  a regression coefficient MAGCT/MpH would
understate the true magnitude of the relationship. The acid rain problem is specific to the
Midwest and Northeast. The use of state dummies will address this concern (allowing the pH-
AGCT relationship to have a different vertical position in different states to reflect the extent to
which the gap between modern and historical pH levels differs by state).
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1.D. Did Historical Actors Understand the Chemistry of Water-Lead?
Large American cities first built their public water systems during the early nineteenth
century; medium sized cities during the mid to late nineteenth century; and small cities during
the late nineteenth century (Baker, 1897). Throughout this time, even the most well-informed See, for example, any of the following sources: Adams (1852); Lindsay (1859);
9
Christison (1844); Committee on Service Pipes (1917); Kirkwood (1859); Parkes (1901); Thresh
(1905); and Thresh and Beale (1925).
See, for example, Troesken (2006, pp. 184-189), discussing Glasgow’s decision to
10
distribute water from Loch Katrine (which was highly corrosive) through lead service pipes.
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historical actors did not understand the chemical processes that made lead water pipes safe in
some contexts but dangerous in others. Using what was referred to as the “Doctrine of
Protective Power” (DPP), engineers in the United States and Europe argued that lead pipes
were safe in all but a handful of special circumstances. Without delving into the reasoning
behind the DPP, engineers argued that as pipes and plumbing aged, a protective coating
quickly formed on the interior of pipes and plumbing fixtures, preventing consumers from
drinking undue amounts of lead.  While it is true that a protective coating does eventually
9
form on most pipes, that process can take decades, and for some water supplies, it cannot be
relied upon to protect consumers even after long periods of time. In its most extreme forms, the
DPP was used to justify the use of lead pipes and plumbing even in the presence of highly
corrosive water supplies.  If there was so little consensus among  engineers who ran public
10
water systems about the likelihood of lead exposure, it seems unlikely that the general public
was better informed.
But for the sake of argument, suppose for the moment that everyone had a rudimentary
understanding of the relevant chemistry. It would be implausible to suggest that
nineteenth-century households made locational decisions, even in part, using the chemical
relationships defined in Figure 1. To the extent that consumers thought about the-13-
characteristics of a given water supply, they thought about it in terms of how soft the water
was, or in terms of its taste. Soft water, which also tended to be highly acidic, was more
appealing ascetically and also because many observers, including physicians, thought it
healthier than hard water. It is true that consumers cared about bacterial pollution, but there
was much less concern regarding inorganic pollutants such as lead. There was even a school of
thought maintaining that lead and other inorganic materials were a good thing because they
might destroy the organisms that caused typhoid and infantile diarrhea (Melosi, 2002, p. 273).
Moreover, if there was selection taking place, it would have had to have worked in a non-
monotonic way, akin to the relationship observed in Figure 1. A more plausible objection to our
estimating strategy is that pH was correlated with other environmental and familial factors that
influenced intelligence. The difficulty with this line of thought is that, as will be seen below, as
our controls for environment and family background improve, the results only get stronger.
Compounding the adverse effects of the Doctrine of Protective Power were misleading
beliefs about what was a safe level of lead exposure. With the exception of perhaps one or two
physicians writing in England, medical researchers and government authorities argued that
lead was a pervasive and unavoidable part of the natural environment and that humans could
withstand all but the most extreme levels of exposure (Needleman, 1998, 2000, and 2004). There
were, for example, studies documenting the horrendous health outcomes among children born
to women who worked in the lead industry and this eventually prompted government officials
in the United States and Europe to eventually ban women from work in lead refineries. But-14-
these studies focused on levels of lead exposure that far exceeded anything modern observers
might consider acceptable (e.g., Hamilton, 1919).
Around 1900, even those who should have been the most attuned to the dangers of lead
exposure (water system engineers and physicians) routinely argued that water lead levels 50 to
100 times greater than the modern EPA threshold were perfectly safe; and for those who were
skeptical of the idea that lead pipes had adverse net health effects (i.e. that the benefits from
the DPP outweighed the risks at low and moderate exposure levels), the threshold was much
higher. As late as 1916, the available evidence indicates that nearly all engineers believed that
the already minimal concerns about lead service pipes were overblown (see Committee on
Service Pipes, 1917).  And even for the few engineers who conceded that lead might pose a
problem for some water supplies, the threshold levels of lead exposure they believed were safe
were two or three orders of magnitude greater than those considered safe by European and
American authorities today.  The same skepticism can also be found among physicians, who
one might think were the professionals most sympathetic to health concerns. As late as the
1940s, articles appeared in the Journal of the American Medical Association (1942) arguing that
lead water pipes were generally safe and that consumers had little to worry about. 
2. The Data
Assessing the link between early-life lead exposure and later-life cognitive functioning,
requires data that follow individuals from the homes in which they resided as children to a
later date at which intelligence tests were administered. For the first half of the twentieth
century, we have constructed such data by taking advantage of (1) the availability of a new 5% Enlistees had already passed a minimum literacy test as part of the induction process.
11
The history of the AGCT is summarized in Harrell (1992). Staff, Personnel Research Section
(1945 and 1947) provide detailed accounts of the construction of the test, its norming and
validation, and successive versions of the test.  Staff, Personnel Research Section (1947)
provides some sample questions. The test was not administered to individuals who received a
commission immediately upon entry into the service. Local Selective Service Board standards
also led to discrepancies across enlistees from different locations in their representativeness of
the general enlistee population. Finally, students and some “essential” workers (which could
include technical personnel as well as farm laborers) were often exempted from service. See
Bradley (1949, 169) for these restrictions on the population covered by the test.
 Bingham (1952), however, later conceded that, though measuring IQ was not the
12
AGCT’s primary goal, it did in fact assess IQ more successfully than some standard IQ tests,
such as the Otis IQ test.
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public use sample (IPUMS) drawn from the 1930 U.S. Census of Population (Ruggles et al.,
2010); and (2) the availability of scores from the Army General Classification Test (AGCT), a
test instrument that was the forerunner of the modern Armed Forces Qualification Test
(AFQT). Linking individuals between these two sources generates the necessary longitudinal
data.
The AGCT was administered to enlistees into the U.S. Army in World War II at
enlistment centers in order to sort enlistees into the military occupations that would take best
advantage of their intellectual capacity.  It was constructed specifically to assess the
11
intellectual capacity of enlistees and their suitability for different tasks, rather than to provide a
measure of overall intelligence.  As Bingham (1946, p. 147) points out, the AGCT is not an IQ
12
test in the strict sense, in that it does not provide a ratio of the test taker’s mental to
chronological ages. The Army went to great lengths to ensure that there would be no confusion
in the public’s mind on this point.-16-
The test was built upon the Army’s experience with the Alpha and Beta test batteries
developed in World War I, but followed nearly two decades of developments in testing since
the Alpha and Beta tests. Though the World War I tests were plagued by problems (most
frequently, individuals assigned to take the wrong version of the test – there were versions for
both literate and illiterate test takers; Gould, 1982), we have found no evidence of systematic
problems with the conditions under which the AGCT was administered. The test itself
“consisted of 140 to 150 multiple-choice items on vocabulary, arithmetic, and block counting.
Raw scores were converted to standard scores with a mean of 100 and a standard deviation of
20.” (Sisson, 1948, p. 582). Subsequent research showed that the test’s reliability was high
(greater than 0.90 by the Kuder-Richardson formula; Sisson, 1948, p. 583), as was its validity
(Sisson, 1948, p. 583).  The test is appropriate for individuals with as little as a fourth grade
education (Staff, Personnel Research Section, 1947, p. 395). Though not designed as a formal IQ
test, the AGCT had a higher correlation with the Wechsler-Bellevue IQ test (r=0.83) than any
other actual IQ test available in 1951 except the Stanford-Binet 1937 test (Tannimen, 1951, p.
650).
The last point is of crucial importance for the present exercise: there are no large
publicly available datasets for the U.S. in which actual IQ data are available. But the AGCT
scores are highly correlated with standard IQ scores, and are highly predictive of both in-
service and post-service occupations. As a result, we will employ AGCT scores as a proxy for
IQ, the latter being the quantity for which clear biological pathways from lead exposure to These records are in National Archives and Records Administration (2002), Record
13
Group 64, and are available on-line at http://aad.archives.gov/aad/fielded-search.jsp?dt=893.
The on-line file does not contain the “weight” field, but this can be requested from NARA. The
training manual provided to keypunch operators at enlistment sites in May, 1943 (War
Department, 1943) states that the field previously used to record “weight” was now to be used
to record the enlistee’s AGCT score. By comparing the distribution of values in this field over
the period February, 1943 through July, 1943 at each enlistment site, we determined which sites
followed this directive. At most sites, at the beginning of March, 1943, the distribution of values
in this field shifts noticeably: before March, 1943, it is a normal distribution centered at 147
with a standard deviation of 20, but in March it shifts to a left-skewed distribution with a mean
of 97 and a standard deviation of 24. The pre-March distribution corresponds to the known
distribution of weight among enlistees (Karpinos, 1958); the distribution for March, April, May,
and the first weeks of June corresponds instead to the know distribution of AGCT scores
among enlistees (Staff, Personnel Research Section, 1947). 
 Linkage failure (2.9% of the AGCT records were linked to the 1930 5% IPUMS file, as
14
opposed to the 5% that would be anticipated, so the linkage success rate is 58%) is accounted
for by mis-spellings on the original documents (the census or the enlistee’s punch card), faulty
transcription of the original information, mis-reporting of age in either source, and the
commonness of particular combinations of surname and given name within cells defined by
year and state of birth. We are using only those individuals uniquely linked (with a small
-17-
lower values have been identified in the medical and epidemiological literature described
above. 
When the enlistee’s information was recorded on punch cards at the enlistment site, for
a period of four months in the Spring of 1943, data entry personnel were instructed to enter the
AGCT score in the field otherwise reserved for recording the enlistee’s weight. More than
500,000 AGCT scores have been recovered from this source.  The other information on each
13
enlistee’s record (full name, year of birth, and state of birth) is sufficient to link individuals
from this source to the 1930 5% IPUMS (Ruggles et al., 2010). This is a nationally-representative
one-in-twenty sample of the U.S. population drawn from the manuscript schedules of the 1930
U.S. Census of Population. We have linked 15,852 enlistees in this manner.  In the analysis that
14tolerance allowed for spelling and year of birth). The linked population is not substantially
different from the population of U.S. Army enlistees in World War II for whom we have AGCT
scores. Figure 3 shows the scores for the full population with scores reported in the three
month window in 1943; Figure 4 shows the scores for the 15,852 enlistees linked to the 1930
IPUMS.
 Figure 5 shows the distribution of AGCT scores for the urban linked observations;
15
Figure 6 shows the distribution of AGCT scores for the rural linked population.
 Although not reported in the tables below, we also experimented with controls for
16
father’s occupation and/or industry of employment, but these variables were universally
uninformative and did not affect the results in any way. 
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follows, we restrict our attention to the 5,521 enlistees who, as of 1930, were residing in places
with 30,000 or more inhabitants.  We limit ourselves to larger places because we only know
15
the chemistry of local water supplies for cities above this population threshold. For the 5,521
urban enlistees in our sample, we exploit data on the following variables as of 1930: enlistee’s
race (5,262 of the enlistees were white); literacy of enlistee’s mother and father; age of the
enlistee’s mother and father; number of persons in enlistee’s household; size of enlistee’s city of
residence; enlistee’s state of residence; enlistee’s father’s labor market status (employed,
unemployed, out of labor market); and enlistee’s year of birth.  These Census data are linked
16
with information about the pH level of water used by the public water company in the
enlistee’s city of residence and with the enlistee’s AGCT score at the time of enlistment.
Table 1  describes the geographic distribution of our sample. Thirty-nine percent of the
enlistees were from 21 cities across New York State, with the majority of those coming from
New York City. Fourteen percent of the sample resided in 21 cities across the state of Ohio,
while ten percent came from 27 cities in Massachusetts. Nearly seven percent of the enlistees-19-
came from 20 twenty towns spread across Pennsylvania, though more were from Philadelphia
and Pittsburgh. Illinois and Indiana claimed 3.5 and 2.6 percent of the sample respectively.
While these numbers suggest the sample draws heavily from a few states, these states are not
limited to a specific region, and even states with relatively small sample shares contain a
significant number of enlistees in absolute numbers. For example, just over 1 percent of the
sample was from California which translates into 63 enlistees. Similarly, 1.4 percent of the
sample, or 75 enlistees, came from Virginia; seven-tenths of 1 percent, or 36 enlistees, came
from Tennessee; and four-tenths of 1 percent, or 23 enlistees, came from Washington state.
If one looks at the spatial distribution of enlistees across cities rather than states, the
patterns are not altered in any meaningful way. In particular, the sample includes enlistees
from 230 cities. The median city contains 9 enlistees; the mean city contains 24. The cities from
which the greatest number of enlistees came are:  Syracuse  (42 enlistees); St. Louis (47);
Columbus (49); Youngstown, OH (49); Indianapolis (50); Pittsburgh (53); Rochester (56);
Louisville (57); Toledo (62); Detroit (62); Akron (67); Newark (68); Cincinnati (90); Buffalo (93);
Chicago (119); Baltimore (127); Boston (171); Philadelphia (193); Cleveland (226); and New York
(1,736). Although these cities are predominantly located in the East, Mid-Atlantic, and Midwest
regions, many enlistees also came from cities in the South and West. For example, seven came
from Sioux City, ND; ten came from Oklahoma City; ten came from Salt Lake City; sixteen
came from Memphis; twenty came from Denver; twenty came from New Orleans; twenty-
seven came from Birmingham, AL; came twenty-seven from Richmond, VA; twenty-seven-20-
came from Los Angeles; and thirty-two came from Atlanta. As Figure 7 shows, overall city
population was a primary determinant of how many enlistees came from a particular city.
Table 2  provides descriptive statistics for a few key variables. The mean and median
AGCT score of the 5,521 enlistees are 103.8, and 106. As of 1930, the typical enlistee had a
mother and father with an average age of 35 and 38; came from a household with five to six
members; and resided in a city with a mean population of 2.5 million, and a median of 670
thousand. Although enlistees in this sample were born as early as 1915 and as late as 1927, the
typical enlistee was born in 1922 or 1923. Enlistees consumed water that ranged from the
mildly acidic (5.7) to alkaline (8.9), with the typical enlistee drinking water that was almost
perfectly neutral (7.2 or 7.3).
Figure 8 helps frame our estimating procedure. Each observation takes the average
AGCT for enlistees who had consumed water of a given pH level while growing up. Each
observation is labeled with the number of enlistees who consumed water with that pH level.
For example, there were 67 enlistees who drank water with a pH of 5.7. It should be noted that
not all of these enlistees were from the same city or region. Four separate cities in the U.S. had
water with a pH level of 5.7. On the other end of the scale, fourteen enlistees came of age in
areas with water supplies with a pH of 8.9, while 26 lived in areas with a water pH of 8.5. More
than 90 percent of all the enlistees came from areas with drinking water that had a pH level
between 6.5 and 8.5. Yet our analysis is predicated on the relatively small populations on the
tail ends of the water pH distribution (i.e., enlistees who lived in areas with water supplies
with pH less than 6.5 or greater than 8.5). Note, in particular, that there are only forty enlistees The results reported here do not correct the standard errors for clustering at the city
17
level. All of the findings that follow are robust to such clustering.
 Because we know the enlistee’s location only at the time of the 1930 Census and at the
18
time of his enlistment, we are unable to control for the exact age at which the exposure to
-21-
who grew up drinking water with alkalinity levels of 8.5 or larger. As a result, estimating the
relationship between alkalinity and AGCT scores for highly alkaline water sources will
generate imprecise estimates.
3. Regression Analysis
We estimate variants of the following equation:
i1 j 2 j i ij (1) y = á + â (pH) + â (pH)  + ãX + å
2
ij i where  y is the outcome of interest (AGCT score for enlistee i), pH is pH in location j, X is a
ij vector of individual characteristics, and å  is an error term with the usual properties. Note that
we include terms for both pH and pH-squared. This specification is motivated by the literature
on water chemistry that inspires Figure 1. Holding everything else constant, we expect to find a
non-monotonic relationship like that in Figure 2 between pH and the AGCT score. The results
do not change if we employ the log of pH and the squared value of the log of pH. Note also
that pH is observed at the city-level, and pH levels do not vary across enlistees from the same
city.
17
i The vector X includes controls for the following characteristics. There are a series of
dummy variables that control for enlistee i’s household size in 1930 (=1 if household contained
n persons, and 0 otherwise; where n = 2-16). Another series of dummy variables control for the
enlistee’s year of birth;  for mother’s and father’s literacy status; state dummies; race; and
18water-borne lead occurred. This would be useful, as the effect of exposure differs by the age at
which exposure took place.
 In particular, we include age and age-squared for both mother and father.  For
19
observations where father’s or mother’s age was missing from the Census file, we included a
dummy variable indicating that.  Ages for both parents are censored from below at 20 and
from above at 60.  For mothers and fathers with ages outside these thresholds, the missing
dummy is coded as 1.  This coding strategy allows us to retain observations for which reported
ages seem implausible (e.g., a mother or father with an age of 3).  If we retain the original
reported age, however implausible, the results do not change.  There is reliable age parental
age information for more than 3,000 enlistees.
 We have controlled for city size using dummy variables and continuous functions
20
with a level and a squared term. The results are robust across these specifications.
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father’s employment status. Continuous measures control for mother’s age and father’s age as
of 1930.   We also include the (log of)  the population of the city in which the enlistee came of
19
age.  In order to allow for the possibility that there exists a dose-response relationship between
20
lead exposure and AGCT score, we also report results for both the full sample and the subset of
individuals who at the time of their enlistment resided in the same county where they were
observed in 1930 (“persisters”).
Table 3  summarizes our main results. In each specification that includes fixed effects
for state, the anticipated non-linear relationship between pH and AGCT scores is observed.
Using the coefficients on pH for the full sample, the effect of pH on AGCT score is increasing
for pH until pH levels of 7.8 and decreasing thereafter. Using the same coefficients, the implied
impact on AGCT score from moving from pH 5.5 to pH 6 is 4 points, or just under 1/5 standard
deviation. In all regressions including state dummies, an F-test on the joint hypothesis that the To ensure that the quadratic specification was not overly sensitive to the small
21
number of extreme pH observations (pH < 6.5 or pH > 8.5), we conducted the analysis for
persisters in Table 3 without these observations. The results (a large and statistically effect for
both pH and pH ) remained, though only when the standard errors were clustered at the state
2
level. The cities at the lower tail of the pH distribution were (pH<6.5), from lowest to highest
pH: Fall River, New Bedford, Taunton, Woonsocket, Warwick, Wilmington, Atlantic City,
Concord, Manchester, Chicopee, Fitchburgh, Haverhill, Holyoke, Lowell, Memphis, Nashua,
Newburyport, Northampton, Boston, Brockton, Brookline, Cambridge, Chelsea, Everett,
Gloucester, Hartford, Lawrence, Lynn, Malden, Medford, Meriden, New Britain, Newton,
-23-
coefficients on pH and pH-squared are both equal to zero yields an F-statistic which is
significantly from zero at the 2 percent level or higher.
In the last two columns, attention is restricted to individuals whose county of
enlistment was the same as the county in which they were enumerated in the 1930 census
(labeled “Persisters”). This is done to assess the dose-response relationship by focusing on
individuals whose time of exposure at the 1930 location was longer (individuals who migrated
out of their 1930 location may have moved to either rural places, urban places with lower pH,
or urban places with higher pH–we assume that non-migration did not occur in a way that was
systematically correlated with IQ or water pH at the 1930 location or location at enlistment). In
each case where state fixed effects were used, the regression on persisters produced a larger
effect than the corresponding regression using all observations. The estimates for the persisters
are also more precise. The implied effect on AGCT in moving from pH 5.5 to pH 6 is 4.7 points,
0.7 points larger than the effect when persisters and migrants were examined together.
Together, these results suggest that pH and lead exposure were associated with AGCT, the
effect was non-linear (positive for low pH and negative for high pH), and the effect was greater
with longer exposure.
21Norwich, Pawtucket, Providence, Salem, Somerville, Vicksburg, Waltham, Waterbury, and
Worcester. The cities at the upper tail of the pH distribution were (pH>8.5), from lowest to
highest pH: South Bend, Baton Rouge, Berkeley, Oakland, and San Francisco
 The sample size is reduced because not all states were part of both the Death
22
Registration Area and the Birth Registration Area established by the U.S. Census Bureau. The
infant mortality rates (per thousand) are reported in U.S. Census Bureau (1920-1927).
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One important potentially confounding factor is the disease environment in the city and
year of birth for the enlistee. Eppig et al. (2010) have found evidence at the aggregate level
(using countries as units of observation) that the disease burden (measured by prevalence of
parasites) is negatively related to average IQ levels. Bleakley (2007) finds that individuals who
were young at the time of the hookworm eradication campaign in the early twentieth century
Southern U.S. had higher levels of school attendance as children and higher incomes as adults
than those who were not exposed to the campaign. Figure 9  shows a scatterplot of the raw
data, and a negatively-sloped regression line, for the infant mortality rate and the AGCT score.
To account for the possibility that the local disease environment is linked to later-life
intelligence, Table 4 replaces the pH of the local water supply with the infant mortality rate for
the city and year in which the enlistee was born.   For both the full sample and persisters only,
22
the infant mortality rate was associated with a lower AGCT score at enlistment. A difference of
50 per thousand was associated with a difference of 3.5 points on the AGCT test. Table 5 uses
both pH and the infant mortality rate together. It shows that the magnitudes of both are similar
to when they were entered separately, and for persisters, are statistically significant.
The regressions in Tables 6 and 7 show that the relationship between pH and AGCT
score is positive for pH # 7, but negative for pH $ 7.5, regardless of whether the infant Note, however, that while the choice of threshold is robust for the lower knot (e.g.,
23
points around 7), the threshold for the upper knot is sensitive to specification. If, for example,
we estimate the model with observations of 7.5 or higher, the coefficient on pH is positive,
though insignificant. The same holds true if we restrict the sample to observations with a pH of
8.2 or higher. The failure to find a robust relationship at the upper end of the litmus scale
reflects, as noted above, a limited amount of variation.
 Another possible confounding factor is lead exposure through media other than water
24
(e.g. from paint, leaded gasoline, or other air-borne sources such as lead smelters or burning
coal). None of these sources would produce the observed relationship between water pH levels
and AGCT scores. In addition, leaded gasoline was introduced only in 1924, so enlistees would
have been exposed to little lead from this source. The greatest exposure to lead from smelters
in the 1920s came in rural places near the source where lead was mined (an important
exception being the ASARCO smelter on the eastern edge of Omaha which operated from the
1880s through the 1980s and remains an EPA priority clean-up site. Secondary lead smelters
(which processed automobile batteries) became common (with some of them in cities) only in
the late 1930s as the first generations of mass-produced automobiles aged out of use. It seems
reasonable to assume that exposure from factors such as paint, food, coal-fired heating (which
most cities had in some form) and perhaps even automobiles did not vary greatly across cities
(except for possible differences in the use of coal heating by climatic region). This assumption
seems less plausible, however, if we move to industrial sources of pollution. In future work, we
hope to address this concern in greater detail.
-25-
mortality rate is included. This is consistent with the relationship between lead take-up and pH
shown in Figure 1: for pH below 7, high pH results in less lead take-up and therefore less
cognitive impairment and higher AGCT; for pH above 7.5, high pH results in more take-up,
more impairment, and lower AGCT.  Table 8 allows for a still more flexible specification: it
23
allows the intercept and slope of the pH-AGCT relationship to vary by the pH level, consistent
with the relationship in Figure 2. The pH coefficient is positive for low pH (< 7) and essentially
zero for higher pH levels.
24
Figure 10 provide a visual depiction of our results and help clarify the estimation issues
raised in Table 3. To construct this figure, we predicted AGCT scores for non--26-
movers/persisters, excluding the pH and pH-squared terms. We then calculated the residual
for each of the enlistees and calculated an average residual for every city in our data set that
had one or more enlistees. The average residual AGCT score for each city is plotted against the
pH level, and a line is fit to highlight the trend relationship. This is done at the city level rather
than the enlistee level because pH levels are observed at the city level. The “polynomial” curve
is the residual pattern regressed against the city-level pH and pH . Observations are weighted
2
by the number of enlistees from each city. The “smoothed” curve is estimated using STATA’s
running line smoother (lowess option, bandwidth of .3), which imposes no structure on the
residuals, as opposed to the polynomial. Nevertheless, the same basic pattern is observed: low
pH is associated with low residuals, medium pH with high residuals, and high pH with low
residuals. The polynomial estimate in Figure 10 shows that moving from a pH level of 5.5 to a
pH level of 7.5 results in a gain of roughly 2.5 AGCT points.
Conclusions
The effect of lead exposure in urban water systems in the early twentieth century has
been difficult to assess. The effect of lead on cognitive functioning is well known, but we have
few direct measures of cognitive functioning in large populations that allow us to distinguish
individuals likely exposed to lead in water from those not exposed. At the same time, in
modern populations, it is possible that the lead-intelligence link can be contaminated by
selection effects or unobserved heterogeneity. We have taken advantage of new data linking
World War Two U.S. Army enlistees (whose IQ was measured at enlistment using the AGCT)
to the households in which they resided in 1930 to address these concerns.-27-
Our study has a number of shortcomings, the fist of which is the lack of an exact
mapping from our intelligence measure (the AGCT score) to IQ which has been used in most
modern studies of the lead-intelligence link. Though AGCT and IQ are highly correlated, the
correlation is not perfect. A second problem is our reliance on modern measures of water pH
levels, when what we really need is pH in the 1920s and 1930s. Finally, though we have a rich
set of covariates, there remain some sources of unobserved individual heterogeneity that can
influence measured intelligence (genetic factors, the amount of intellectual stimulation
provided in the household environment).
Nonetheless, our analysis provides strong evidence of a link between lead exposure and
intelligence for a large population. Those residing in 1930 in cities with higher pH levels but
levels below 6.5 had higher AGCT scores than those in places with lower pH levels; at high pH
levels (greater than 8), increased pH reduced AGCT score. This non-linearity is consistent with
what we know about how pH influences the amount of lead taken up by water traveling
through lead pipes and fixtures: take up falls with pH at low pH levels and rises with pH at
high pH levels. When individuals who remained in the same location between 1930 and
enlistment in the Army were examined separately, their effects were greater (both larger in
magnitude and more precisely estimated), suggesting the existence of a strong dose-response
relationship in lead exposure. These results are consistent with the pervasive use of lead in
urban water systems in the early twentieth century, the interaction between water chemistry
and lead exposure, and lead’s effect on cognitive ability.-28-
One implication of these findings is that even into their twenties, individuals exposed to
low levels of water-borne lead can exhibit diminished intellectual capacity. Another is that the
total societal costs of lead water pipes greatly exceed the short-run costs in infant mortality and
lead poisoning at the time of exposure – these costs for an individual may be manifested over
an entire lifetime in diminished intellectual functioning, reduced levels of education, and lower
income. Finally, our work here sets the stage for actually quantifying those costs: we are in the
process of linking enlistees to measures of their later-life income and disability levels and death
records to better assess how the costs of early-life exposure accumulate over an entire lifetime. 
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Table 1. Geographic Distribution of the Sample

























































































































































   Source: see text.-36-
Table 2. Descriptive Statistics












































Table 3. Regression Results, Dependent Variable AGCT at Enlistment, Full Sample and
Persisters, Controlling for pH.
Full sample Persisters





=1 if <6 persons in household
=1 if 6-8 person  household
=1 if 9-16 person household
=1 if > 16 person household
Log(city population)
=1 if 1914 birth
=1 if 1915 birth
=1 if 1916 birth
=1 if 1917 birth
=1 if 1918 birth
=1 if 1919 birth
=1 if 1920 birth
=1 if 1921 birth
=1 if 1922 birth
=1 if 1923 birth
=1 if 1924 birth
=1 if 1925 birth









=1 if mother’s age unknown
=1 mother literate
=1 if father out of LF
=1 if father employed
=1 if father unemployed















































































































































Table 4. Regression Results, Dependent Variable AGCT at Enlistment, Full Sample and
Persisters, Controlling for Infant Mortality Rate.
Full sample Persisters
Variables Coef p-value Coef p-value
Infant mortality rate
=1 if Non-white
=1 if <6 persons in household
=1 if 6-8 person  household
=1 if 9-16 person household
=1 if > 16 person household
Log(city population)
=1 if 1920 birth
=1 if 1921 birth
=1 if 1922 birth
=1 if 1923 birth
=1 if 1924 birth
=1 if 1925 birth









=1 if mother’s age unknown
=1 mother literate
=1 if father out of LF
=1 if father employed
=1 if father unemployed




















































































































Table 5. Regression Results, Dependent Variable AGCT at Enlistment, Full Sample and
Persisters, Controlling for Both pH and Infant Mortality Rate.
Full sample Persisters






=1 if <6 persons in household
=1 if 6-8 person  household
=1 if 9-16 person household
=1 if > 16 person household
Log(city population)
=1 if 1920 birth
=1 if 1921 birth
=1 if 1922 birth
=1 if 1923 birth
=1 if 1924 birth
=1 if 1925 birth









=1 if mother’s age unknown
=1 mother literate
=1 if father out of LF
=1 if father employed
=1 if father unemployed



















































































































Table 6. Regression Results, Dependent Variable AGCT at Enlistment, Persisters Only,
Controlling for pH, By High and Low pH.
Persisters only
pH < 7 pH > 7.5
Variables Coef p-value Coef p-value
pH
=1 if Non-white
=1 if <6 persons in household
=1 if 6-8 person  household
=1 if 9-16 person household
=1 if > 16 person household
Log(city population)
=1 if 1914 birth
=1 if 1915 birth
=1 if 1916 birth
=1 if 1917 birth
=1 if 1918 birth
=1 if 1919 birth
=1 if 1920 birth
=1 if 1921 birth
=1 if 1922 birth
=1 if 1923 birth
=1 if 1924 birth
=1 if 1925 birth









=1 if mother’s age unknown
=1 mother literate
=1 if father out of LF
=1 if father employed
=1 if father unemployed











































































































































Table 7. Regression Results, Dependent Variable AGCT at Enlistment, Persisters Only,
Controlling for pH and Infant Mortality Rate, By High and Low pH.
Persisters only
pH < 7 pH > 7.5




=1 if <6 persons in household
=1 if 6-8 person  household
=1 if 9-16 person household
=1 if > 16 person household
Log(city population)
=1 if 1920 birth
=1 if 1921 birth
=1 if 1922 birth
=1 if 1923 birth
=1 if 1924 birth
=1 if 1925 birth









=1 if mother’s age unknown
=1 mother literate
=1 if father out of LF
=1 if father employed
=1 if father unemployed















































































































Table 8. Piecewise Linear Regressions on AGCT Score, Full Sample and Persisters Only,
Controlling for pH and High pH and Low pH.
Full sample Persisters
Variables Coef p-value Coef p-value
Constant
=1 if pH < 7
=1 if 7 # pH < 8
=1 if pH $ 8
pH
pH × (=1 if 7 # pH < 8)


































Figure 1. Water Lead Levels and pH. Source: Xintaras (1992).-44-
Figure 2. Water pH Levels and Intelligence. Source: see text.-45-
Figure 3. Distribution of AGCT Scores, All Enlistees With Reported Scores. Source: see text.-46-
Figure 4. Distribution of AGCT Scores, All Enlistees With Reported Scores and Linked to
1930 IPUMS 5% Sample. Source: see text.-47-
Figure 5. Distribution of AGCT Scores, All Enlistees With Reported Scores and Linked to
1930 IPUMS 5% Sample and Located in Cities With Population > 30,000 in 1930. . Source: see
text.-48-
Figure 6. Distribution of AGCT Scores, All Enlistees With Reported Scores and Linked to
1930 IPUMS 5% Sample and Located Outside Cities With Population > 30,000 in 1930. .
Source: see text.-49-
Figure 7. Population and Sample Size by City. Source: see text.-50-
Figure 8. Water pH and Intelligence for Sample of Army Enlistees: Group by pH of Water
Consumed Around 1930. Source: see text.-51-
Figure 9. Scatterplot of AGCT Score by Infant Mortality Rate in Enlistee’s City & Year of
Birth. Source: see text.-52-
Figure 10. Trend Lines:  Quadratic Vs. Running Line Smoother. Source: see text.